BaTiO~3~-based ceramics are one of the most studied systems because of their excellent dielectric and electro-caloric[@b1][@b2] properties, in addition to their non-toxicity. Because the main origin of the ferroelectricity is hybridisation between B-site atoms and oxygen atoms[@b3], the basic physical properties of BaTiO~3~, such as the phase-transition temperatures, lattice constants and permittivity, can be well manipulated via appropriate doping at either the Ti or Ba sites[@b4]. With the help of a phase diagram, a new type of BaTiO~3~-based ceramic whose piezoelectric properties are comparable to those of traditional lead-based ferroelectrics was successfully created by introducing Ca and Zr dopants[@b5]. Specifically, in the Ba(Ti~1-x~Sn~x~)O~3~ system, the phase is directly determined by the concentration of the Sn element, as determined using the phase diagram[@b6]. Moreover, as the Sn content is increased, the dielectric permittivity of the ceramics increases to become approximately three times greater than that of pure BaTiO~3~, and when x is as high as 0.19--0.20, the material transforms from a normal ferroelectric to a typical relaxor ferroelectric[@b6][@b7]. In addition to a high dielectric constant, a high electro-caloric effect based on a phase transition has also been reported[@b8]. Compared with studies about the properties of these materials, there is much less literature about the structure of these materials. One of the main structural features of Ba(Ti~1-x~Sn~x~)O~3~ ceramics is the diffuse scattering phenomenon in the electron diffraction patterns, which has been suggested to be caused by some nano-size structure[@b9][@b10]. Through dark-field and high-resolution transmission electron microscopy images, Xie et al.[@b11] observed PNRs that were embedded in the matrix in ceramics that exhibited relaxor behaviour. These authors suggested that these PNRs were responsible for both the relaxor behaviour and diffuse scattering phenomenon. In other systems, such as lead-based relaxor ferroelectrics, the effects of the microstructure and lattice dynamics on the relaxor behaviour have been widely reported[@b12][@b13][@b14][@b15]. Recently, in Ba(Ti~1-x~Zr~x~)O~3~, through first principles and thermodynamic calculations, the relationship between PNRs and chemical distribution along with that between the macroscopic properties and internal electric field have been investigated[@b16][@b17][@b18]. However, in the Ba(Ti~1-x~Sn~x~)O~3~ relaxor system, an explanation of the microstructure and enormously enhanced dielectric properties remains lacking; thus, understanding how Sn dopants change the structure and why they can strengthen the properties are still critical problems to solve.

In this paper, we investigate the atomic structure and chemical distribution of Ba(Ti~0.8~Sn~0.2~)O~3~ using aberration-corrected high-resolution scanning transmission electron microscopy (HRSTEM) and energy-dispersive X-ray spectroscopy (EDS). Based on these experimental results, combined with first principles calculations, the effects of Sn on the electronic structure and crystal lattice strain at the atomic scale are revealed, and a structure model of the Ba(Ti~0.8~Sn~0.2~)O~3~ relaxor is proposed to explain the very strong enhancement of the dielectric permittivity.

Results
=======

An atomic-resolution high-angle annular-dark-field (HAADF) image is shown in [Figure 1(a)](#f1){ref-type="fig"}. To more clearly examine the atomic and electric structure, we calculated the displacement of each Ti/Sn column; the results are depicted as yellow arrows in [Figures 1(b), (d) and (e)](#f1){ref-type="fig"}, which are enlarged from the red frame in [Figure 1(a)](#f1){ref-type="fig"}. These yellow arrows indicate the modulus and direction of the "off-centre" displacements of the Ti/Sn atom columns in each unit cell. To simultaneously see the displacements and chemical distribution more clearly, in [Figures 1(d) and 1(e)](#f1){ref-type="fig"}, contour maps are used to show the different values of the displacements and Sn content. It is apparent that in the regions with large displacements, the Sn content is very low. Moreover, in [Figure 1(d)](#f1){ref-type="fig"}, the displacements in the red regions are approximately 20 pm, which is significantly larger than the displacements in most of the other regions. Given the additional fact that the size of these red regions is approximately 4--5 unit cells, we considered these regions to be PNRs, which have been widely reported. Therefore, we concluded that the PNRs contained less Sn. The calculations of the displacements and Sn content are provided in [Supplemental Information](#s1){ref-type="supplementary-material"}.

This result can also be supported by EDS mapping and annular-bright-field (ABF) experiments. The ABF image, which was acquired at the same time as the HAADF image, is shown in [Figure 2(a)](#f2){ref-type="fig"}. [Figure 2(b)](#f2){ref-type="fig"} shows the atomic element mapping of the red frame in [Figure 2(a)](#f2){ref-type="fig"}, and this region appears to be one of the PNRs in [Figures 1(a) and 1(d)](#f1){ref-type="fig"} of the HAADF image. The absence of the Sn lattice indicates low Sn content in this area. As a comparison, the mapping of the matrix is shown in [Figure 2(c)](#f2){ref-type="fig"}; in this figure, the clear and uniform Sn lattice indicates a much higher concentration. The corresponding spectra for the areas in [Figures 2(b) and 2(c)](#f2){ref-type="fig"} are shown in [Figures 2(d) and 2(e)](#f2){ref-type="fig"}, respectively. All of the peaks in the spectra are normalised by the Ba L/Ti K peaks, which are too close to be separated. It is apparent that the Sn Lα peak in [Figure 2(e)](#f2){ref-type="fig"} is much higher than that in [Figure 2(d)](#f2){ref-type="fig"}. In detail, the ratio of the Sn Lα line strength and to the Ba L/Ti K line strength is 1:5 in [Figure 2(e)](#f2){ref-type="fig"}, whereas the value is 1:7 in [Figure 2(d)](#f2){ref-type="fig"}. The results of the spectra also indicate that the matrix contains more Sn atoms than do the PNRs. Therefore, the EDS and ABF results confirm that the PNRs contain fewer Sn atoms than does the matrix.

Discussion
==========

Our experimental results help to understand the physical behaviour of the Sn in the Ba(Ti~1-x~Sn~x~)O~3~ system. According to the results of the first principles calculation presented in [Figure 3(a)](#f3){ref-type="fig"}, the overlap between Sn and oxygen atoms is significantly less than that between Ti and oxygen atoms, which indicates that the orbital hybridisation between Sn and oxygen atoms is much weaker than that between Ti and oxygen atoms. Because the hybridisation between B-site atoms and oxygen atoms helps to reduce short-range repulsions to allow off-centre ion displacements[@b3], in normal ferroelectrics, such as BaTiO~3~, the dipoles caused by off-centre displacements between B-site atoms and the oxygen octahedra can exist in every unit, and the interactions between them are sufficiently strong to form a long-range Coulomb field. This effect directly leads to the domain structure of the crystal, as demonstrated in [Figure 3(b)](#f3){ref-type="fig"}. However, in the unit cells in which Sn atoms replace Ti atoms, the dipole can hardly occur. Therefore, in parts of the matrix in which the concentration of Sn atoms is sufficiently high, the continuous dipole-dipole interaction is destroyed, and the long-range Coulomb potential cannot be built up in the matrix, as demonstrated in [Figure 3(c)](#f3){ref-type="fig"}. Therefore, the normal ferroelectric domain cannot form; this effect is similar to the phenomenon associated with Mg atoms in Pb(Nb~2/3~Mg~1/3~)O~3~[@b19]. However, the valance of Sn is equal to that of Ti. Consequently, regardless of the lattice configuration, all of the regions can still be charge balanced. Thus, no superstructure exists in the material. However, in the regions with low Sn content of Ba(Ti~1-x~Sn~x~)O~3~, the situation is similar to that shown in [Figure 3(b)](#f3){ref-type="fig"}. The Coulomb fields exist in these nanometre-size regions and stabilise the polarisation, which explains why the crystal exhibits relaxor behaviour when the Sn content is greater than 0.19--0.20.

However because the radius of the Sn ions (69 pm) is slightly greater than that of the Ti ions (61 pm), according to the close-packing rule of crystals, the lattice constant increases as the concentration of Sn increases; this effect was demonstrated by the XRD experiments (see the [Supplemental Information](#s1){ref-type="supplementary-material"}). Therefore, the PNRs, which should possess smaller lattice constants because of their smaller Sn concentration, expand under the stress of the matrix. The stress has a large effect on the ferroelectricity of materials[@b20]. BaTiO~3~ thin films on different substrates exhibit different phases, and their dielectric properties are greatly strengthened because of the mismatch strain[@b20]. When the mismatch strain increases, the coercive force and saturation polarisation increase significantly. In our case, the difference is that the stress on the PNRs is three-dimensional; however, the effect is similar. Because of the stress, the unit cells of the PNRs expand in three dimensions, which indicates that there is more space between Ti atoms and the oxygen octahedra to allow larger off-centre displacements. Because the off-centre displacement has a direct relationship with the polarisation, the polarisation is strengthened in the PNR; this conclusion can be easily proved using theoretical calculations. Based on the result from the HAADF experiments that the displacements in the PNRs are approximately 20 pm, the polarisation in the PNRs can be calculated according to the equationwhere P represents the local polarisation, n = 4 is the number of effective charges of Ti^4+^ and Sn^4+^, Δr \~ 20 pm is the displacement of B-site ions according to the results of the HAADF experiments, and V \~ (0.404 nm)^3^ represents the volume of the unit cell (see the [Supporting Information](#s1){ref-type="supplementary-material"}). The polarisation in the PNRs is approximately 38.8 μC/cm^2^, whereas the typical remnant polarisation of pure BaTiO~3~ ceramics is approximately 10 μC/cm^2^. Therefore, the polarisation is truly strengthened in the PNRs.

In addition to these effects, the distribution of the Sn also changes the local Curie temperature in the material. As mentioned above, the Sn destroys the long-range Coulomb potential in the crystal, which indicates that in regions of the matrix with increased Sn concentration, the effect of the Coulomb potential is weak. Therefore, in these regions, the off-centre ion displacements become unstable, which leads to a decrease in the Curie temperature. However, in the regions with less Sn concentration, the dipole-dipole interaction remains sufficiently strong to form PNRs. Nevertheless, the Curie temperature of these areas remains at a higher temperature under the effect of the Coulomb potential. Because the distribution of the Sn element in the material is completely random, the local Curie temperatures also vary; this variation is responsible for the diffuse phase transition behaviour of the Ba(Ti~1-x~Sn~x~)O~3~ relaxor material.

In summary, using HRSTEM experiments, we have demonstrated that the doping Sn atoms are mainly concentrated outside the PNRs. Based on the electronic structure and crystal lattice strain, which induce the generation of the PNRs and the increase in the polarisation of the PNRs, the role of Sn was determined. Moreover, the local Curie temperature is also related to the concentration of Sn atoms, which directly explains the diffuse phase transition behaviour of Ba(Ti~1-x~Sn~x~)O~3~. The physical model and mechanism reported here may also apply to other doping systems of BaTiO~3~-based lead-free relaxors, such as Ba(Ti~1-x~Zr~x~)O~3~. Consequently, these results may lead to the development of direct relationships among the atomic interactions, structures and relaxor properties of lead-free relaxors. Because our discovery provides a fundamental understanding of the doping element, it can be of benefit for designing the doping process and new systems of ferroelectric and relaxor materials.

Methods
=======

The Ba(Ti~0.8~Sn~0.2~)O~3~ ceramics used in this study were prepared using conventional solid-state reactions[@b7]. The specimens for the electron microscopy experiments were prepared by mechanical grinding and dimpling, followed by ion milling in a stage cooled by liquid nitrogen. The HRSTEM and EDS experiments were performed on an ARM-200F (JEOL, Tokyo, Japan) scanning transmission electron microscope operated at 200 kV with a CEOS Cs corrector (CEOS GmbH, Heidelberg, Germany) to cope with the probe-forming objective spherical abberation, and the HAADF and ABF images were recorded simultaneously. For elemental mapping, the K edge was used for Ti, whereas the L edge was used for Sn and Ba. The first-principles calculations were performed using the VASP software package[@b21], the plane-wave basis and the PAW scheme[@b22] with the Perdew-Zunger parameterisation of the exchange-correlation potential[@b23]. The details of the calculations are described in the [Supplemental Material](#s1){ref-type="supplementary-material"}.
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![(a) HAADF image of Ba(Ti~0.8~Sn~0.2~)O~3~ viewed from the \<001\> zone axis. (b) The enlarged images from the red frame in (a); the yellow arrows indicate the displacements of the Ti/Sn column in each unit cell. (c) The projection of the paraelectric phase of Ba(Ti~1-x~Sn~x~)O~3~ in the \<001\> crystallographic direction. (d) The displacement distribution map from (b). It is apparent that there are several polar clusters, which are marked in red, and each contains approximately 4 to 5 unit cells. (e) The chemical and displacement distribution map from (b). In the regions in which the arrow is longer, the Sn content, which is represented by the blue areas, is much less. This result indicates that the PNRs contain less Sn than the matrix.](srep08606-f1){#f1}

![(a) The ABF image acquired at the same time as the HAADF image shown in [Figure 1(a)](#f1){ref-type="fig"}. The area in the red frame is precisely the same location as the polar region shown in [Figure 1(b)](#f1){ref-type="fig"}. (b) The chemical element mapping of the region in the red frame in Figure 2(a). The absence of Sn atoms in the element mapping indicates low Sn content in the PNRs. (c) The chemical element mapping of the matrix; the contrast of Sn atoms indicates a high content. Spectra (d) and (e) correspond to Figures 2(b) and 2(c), respectively. All of the peaks in Figures 2(d) and 2(e) are normalised by the peak of Ba L/Ti K. The strength of the Lα peak of Sn atoms is much weaker in Figure 2(d) than that in Figure 2(e), whereas the counts of the Lα peak of Ba atoms are the same in both figures. The ratio of the Lα peaks between Sn atoms and Ba atoms in the PNRs is approximately 1:7 and that in the matrix is approximately 1:5.](srep08606-f2){#f2}

![(a) The partial density of states (DOS) of each element. The DOS of the Sn atom is represented by the dotted line. The energy of the oxygen 2p-state electrons ranges from −4 to 0 eV. In this range, the density of Sn electrons is significantly less than that of Ti electrons, which indicates that the electron orbital hybridisation between Sn and oxygen atoms is much less than that between Ti and oxygen atoms. (b) The interaction of dipoles in the normal ferroelectric material BaTiO~3~ and the PNRs of Ba(Ti~0.8~Sn~0.2~)O~3~. (c) The interaction of dipoles in the matrix of Ba(Ti~0.8~Sn~0.2~)O~3~.](srep08606-f3){#f3}
